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- INTRODUCTION

In recent years several highway bridges have had catastrophlc
failures resulting from brittle fracture at stresses below the
conventicnal yield stress of the member.' Brittle fracture is an
abrupt type failure as opposed to yielding which is a slower,
tearing type failure. It usually'occurs after a small flaw
initiates a crack which grows by such mechanisms as fatigue,
stress corrosion and hydrogen embrittlement to a critical size.

Fracture mechanics attempts to analyze a structural member using
the probable initlal flaw size, crack growth rate, and critical

(final) flaw size. The importance of an accurate estimation of

initial flaw size is immediately apparent.

Nondestructive inspection methods therefore play an important
role in the accurate determination of initial flaw size. Non-
destructive inspection methods such as radiography., ultrasonics,
magnetic particle, and liquid penetrant have been successful in
the field of flaw detection. However, a more exact, quantitative
evaluation of their capabilities in terms of probable minimum

‘detectable flaw size 1s necessary for a successful fracture

mechanics control program for structural steels.

This project was originally proposed as a two-phase effort
described below:

Phase I: Document Caltrans Transportation Laboratory's present
knowledge in the following filelds of nondestructive inspection
of welded steel highway bridges:

1. Radiography (RT)
2. Ultrasonics (UT)

www . fastio.com -
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3. Magnetic Particle (MT)
i, Ligquid Penetrant (PT)
5. Acoustic Emission (AET)

Phase II: Define, possibly on a statistical basls, the smallest

flaw able to be consistently detected using each nondestructive
inspection method using test plates and welds containing intentionally
produced flaws. Actual flaw sizes to be determined by destructive
tests. Weld investigation to focus primarily on full penetration
butt welds.

This report concerns itself with Phase I of this project.
Because of other commltments, Phase II of this project will
not be completed and will be terminated at this time.

Also included in this report, which was not part of the original
project, is a discussion and evaluation of prototype acoustic and
magnetic crack detector instruments developed by Southwest Research
Institute.
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CONCLUSIONS

The usefulness of nondestructive inspection (NDI) is obvious since

it 1s several steps above visual inspection and in the final analysis
is a major detérmining factor in the integrity of a welded steel
bridge structure to the extent of the amount of NDI performed, the
quality of the ihspection, and the specified acceptance-~rejection
eriteria. ’

Of the various methods of nondestructive inspection discussed, no
one method is a complete flaw detectlon method. Each method is
useful for the detecting of particular type flaws. Thus the
methods are generally complementary to each other. -

Dry powder prod type magnetic particle inspection and liquid
penetrant inspection are useful for the detectlon of flaws open
to the surface. Magnetic particle inspection may also be used to
detect internal flaws close to the surface. '

Radiographic and ultrasonic lnspection complement each other in

flaw detection. They are useful in finding internal and surface
flaws.

Radiography is sensitive to volume type defects in weldments, such
as porosity and slag. It is also sensitive'to cracks, lack of
fusion, and lack of penetration when the radlating rays are parallel
to the line of the defect depth. |

Ultrasonics 1s most sensitive to cracks and lack of fuslon that are

normal to its sound beam path. Porosity and slag are also detectable,
but with considerable difficulty in many cases.
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IMPLEMENTATION AND RECOMMENDATIONS

This final report is written to briefly inform bridge engineers,
inspectors, and other interested parties of some aspects of non-
destructive Inspection. For those who wish to pursue the subject
matter in greater detail, ah NDI comparison chart of various

methods (éee Figure 1) and a listing of commonly used nondestructive
testing specifications and standards (see Figure 2) are included

in the Appendix in addition to the references. Also, training
courses are offered throughout the country by various commercial
testing agencies.

Since Phase II of this projeét is to be terminated by the
Transportation Laboratory, it is hoped that others will concur
wlth 1ts importance and proceed with its completion.

Transportation Laboratory at some later date intends to resume
Phase II unless research to this end has already been performed.

wvvwfastio.com
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DISCUSSION

General

The four most popular methods of nondestructive testing (NDT), or
nondestructive inspection (NDI) as will be referred to in this
discussion, that are used by the Californis Department of
Transportation, Transportation Laboratory (Translab), or used

by commercial testing laboratories for quality assurance and
control of steel bridge weldments during construction are:

radiography, ultrasonics, magnetic particle, and liquid penetrant
inspection.

These methods have attained a state of development which is reflected
by thelr increased use in industry throughout the world. With
increased confidence in NDI, safety factors have been decreased in

the deslgn of structures, resulting in increased efficiency and
economy. .

This confidence can only be mailntained, however, if NDI operators
are carefully selected for these tasks, Not only must the operator
have the education, physical well being, and skills required, but
must have other attributes such as integrity, persistence, and
conscientlousness. Since much of NDI concerns itself with inter—
pretation of indications that are not permanently recorded, it

can at times be convenient to misinterpret a magnetic particle
indicatlon or not see a blip on an ultrasonic screen.

The other extreme 1s the operator who 1s overzealous in hisz work
and overinterprets the specifications consistently. This results
in costly, unnecessary welding repairs. Unnecessary weld repalrs
can also be detrimental to a structure resulting from residual
Stresses from many repairs.
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“These four methods of NDIL are used by Translab primarily because
of their sultabllity to large sized structures and field applications,

‘and their flaw detection capabilities. In terms of equipment first
cost, listed in descending order are radiography, ultrasonics,
magnetie particle, and liquld penetrant Inspection, with liquid
penetrant inspection being significantly lower than any of the
other NDI methods. In terms of inspection cost per foot (30.48 cm)
of weld, listed in descending order are ultrasonics, radiography,
liquid penetrant, and magnetic particle ilnspection.

Environﬁental conditions (staging, scaffolding, weather, etc.) also
are an important part of NDI. Specifications should be specific

as to the condltions operators work under. Even though conditions
‘may be marginally suitable for NDI, it may affect the operator's
performance over extended perlods. Thus environmental conditions
should be considered when written in the specifications.

Minlimum operator qualifications should require certification in
accordance with the American Society for Nondestructive Testing
(ASNT), Recommended Practice No. SNT-TC-1A, NDT Level II, and

its applicable Supplement as determined by the NDI method used.
This is considered the journeyman level in NDI and requires, as
in Levels I and III, minimum levels of education,‘eXperience, and
the passing of written and practical examinations.

The use of Level I operators when accompanied by a Level II
operator should be considered in the light of the importance of
the structure and should be included in the specifications when
NDT Level I personnel can be used.

ANST certification is granted by the employer who is responsible

for carrying out the guidelines set forth by the ASNT. These
duties are generally performed by Level III personnel, who in the
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past were also granted certification by the employer. Recently

the ASNT adopted new procedures for certifying Level III

candidates. These new procedures now require certification by
examinations given by the ASNT. There are also rules and procedures
for certification without examination based on past experience,.

Also adopted are a code of ethics and administrative procedures

for handling complaints relative to violations of ASNT certification
rules and/or code of ethics for Level III NDT personnel certified

by ASNT(3).

Nondestructive inspection of steel, as its name implies, inspects
or tests steel for internal or external defects without destroying
anything. This 1s not to be taken literally, since in many
situations surfaces and welds have to be ground resulting in

metal removal, and paint has to be removed for electrical contact
with the MT prods. However, in no case does nondestructive
inspection, properly performed, alter or impair the structural
integrity of the member inspected.

The remainder of this report discusses the different non-
destructive inspectlon methods with the intent that it be useful

to bridge engineers and inspectors who have been exposed to a small
degree to some of the methods discussed. It is introductory

in nature and does not take the technical approach normally

given to research reports.

Radiographic Inspection

One of the more well known and probably the most extensively
used methods of nondestructive inspection of bridge weldments
is radiography, often but not correctly referred to as X-ray.
Its flaw detection capabilities are in finding internal and
external weld defects such as porosity, slag, and lack of
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penetration. Its confidence level for finding cracks and lack

of fusion is low and depends upon the orlentation of the flaw with
respect to the radiation rays. The more parallel the crack or
lack of fusion with respect to the radiation rays, the more chance
of detection. When parallel with these rays, the confidence

level is relatively high.

The performance of radiography requlres speclal radlation emlitting
equipment, depending upon whether X-ray or gamma ray radiography
is used (see Figures 3 and 4). X~ray equipment is electronic in
nature and is qulite bulky and heavy (Note: Lightweight equipment
with less bulk is now available but has not been taken into
consideration in this report because of lack of knowledge of its
performance and durability). Therefore it is generally confined
to inspection of bridge components being fabricated in the shop.
Even then, this presents a problem since the X-ray radiation is
generally of higher intensity than gamma ray. Therefore more
extreme measures must be taken to protect workers in the area.
Gamma ray equipment is more portable than X-ray, lighter in
weight, less bulky, and simple to operate. It derives its
radiation from a radiocactive isotope. Iridium 192, one of the
more popular isotopes widely used, is stored in a shielded case
referred to as a projector or camera. With a cable and crank
mechanism connected to the projector, the isotope can be
controlled in and out of its shielded case to radlograph a

weld. With i1ts light weight and portability it can be shipped
around in a radiographic camper equlpped with darkroom facilities
and all the necessary equlpment to make a rédiograph at the jobsite.
It is thus widely used in the fleld and shop for welds from 1/2
inch (1.27 em) to 3-1/2 inches (8.89 c¢m) thick., Its main
disadvantage is 1ts short half life of approximately T4 days,
requiring frequent replacement.
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Fofithicker welds up to 8 inches (20,32 cm), a Cobalt 60 isotope
is normally used. Its higher gamma ray energy level of over one
million electron volts produces greater penetrating ability than
Iridium, resulting in shorter exposure times and better
sensltlvity for the thicker welds. DBecause of 1ts penetrating
ability it is thickly shielded, resulting in heavy equipment
rélying on special carts for mobility. It thus is not conducive
to field inspection, but is used when thicker members require
1ts use. Its half life is about 5.3 years.

Radiographs are produced by radiating a weld with penetrating X
or gamma rays resulting In exposure of a film placed on the
opposite side of the weld being exposed to these rays (see Figure
5). The amount of radiation reaching the film depends upon how
much is absorbed by the weld. For the same exposure time,

the thicker the weld the more absorption with less radiation
reaching the film. Thus an internal void such as porosity
bresents less material for the ray to see, resulting in less
absorption and more radiation reaching the fillm at the local
area in line with the ray and defect. This results in a dark
image on the processed film which is then interpreted as a
defect. The visual detectability of an image on a radiograph
depends on two factors - contrast and definition(d). The
contrast is the darkness of the image of the flaw on the film
in relation to the background. Definition is the sharpness or
resolution of the image on the film. The degree of achievement
of these parameters wlll determine the radiographic sensitivity.

Contrast is affected by the radiation wavelength and its spectrum,
scatter radiation, film, film density, and film development.

Definition 1s affected by focal spot size, source to film distance,

weld thickness, film, screens, radlation wavelength, and film
development.
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““The pentrating ability of X and gamma rays through steel is

determined by their effective energy level (electron volts).

This 1s not to be confused wlth lntensity and exposure time which
also affects penetration. As the energy level 1s increased, the
wavelength decreases and the penetrating ability increases.

Thus, one way to reduce the exposure time, if this is desirable,
is by increasing the effective energy level. However, the amount
of increase is limited by the sensitivity required. For a
particular thickness of steel there is a particular energy level
‘to obtain optimum radiographic sensitivity. Decreasing this
energy level will increase contrast (which is desirable), increase
exposure time expdnentially, and decrease definition (which is
‘undesirable). Increasing the energy level will reduce contrast
(which is undesirable), reduce exposure time, increase latitude
(the matérial_thickness range imaged on a radiograph), and
increase definition (which is desirable). Thus, decreasing the
exposure time by indreasing the energy level must be balanced
with acceptable sensitivity.

X-ray and gamma ray are both electromdgnetic radiation differing
only in the ehergy level spectrum emitted. X-ray machines are "
rated at the maximum'energy level they can emit with settings

for levels lower than the maximum rating. Each setting then
‘establishes the maximum energy level that can be radiated at that
setting. In most X-ray machines about 1/3 of the emitted radiation
is at the mééhihe:sefting with the remaining 2/3 at energies below
this setting down to zero volts. Thus the X~ray energy spectrum

'is said to be continuous. In the case of gamma radlation where

radiation comes from an isotope, a continuous spectrum does not
exlst. 'These energlies are monochromatic,,that is they have only
one wavelength or a narrow range of wévelengths or energy levels.
These waﬁelengths are constant for a particular isctope; thus
they lack the flexibiiity of an X-ray machine with 1ts varying
settings. |

10
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Generally X-ray machines produce radlographs superior to those
produced by gamma radiography. This is because of its continuous
wavelength spectrum with the existance of the longer wavelengths
or softer rays which improve contrast. Gamma radiography with its
narrow range of wavelength spectrum being constant, will produce
optimum radiographic sensitivity for a particular weld thicknéss.
For instance, Iridium 192 achleves its optimum sensitivity for
steel weld thicknesses of about 2-~1/2 inches (6.35 cm). Lesser or
greater thicknesses will result in reduction in sensitivity.

Film contrast increases with lncreasing film density when using
industrial radiographic film. The density is the logarithmic
ratio of the incident light on the film to the transmitted
light through the film. Thus the darker the film, the higher
the density. Commercial high density viewers are available
for densities up to 4.0. Specified densities for gamma radio-
graphy range from 2.0 to 4.0 with densities of 2.5 to 3.5 being
preferred. Minimum densities of 1.5 for X-ray radiography are
., acceptable because of the higher contrast obtained from X—ray}

Generally, Type II industrial film is specified for radiographic
weld inspection. However, when gamma radiography is used on
thin welds, the energy levels may be too high to achieve the
deslred contrast. Therefore a Type I high contrast film is
specified which has higher image amplification producing the
higher contrast and also has higher definition because of its
finer grains. Thus, for Iridium 192 with weld thickesses

1 inch (2.54 em) and below and Cobalt 60 with weld thicknesses

4 inches (10.16 cm) and below, Type I film should be used.

It should also be mentioned that Type I film is a slower speed
film than Type II, thus resulting in exposure times of two to
four times that of Type II film, However, this is somewhat

11
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‘'offset by the fact that Type I film in this case 1is required
only for the thinner welds relative to the isotope used.

Contrast can alsc be improved by the film developing process.
Manufacturers generally specify a devéloping_time range from

5 to 8 minutes for industrial radiographic film at 68°F (20°C).
Using the maximum developing time of 8 minutes will result in
higher contrast than developing at 5 minutes. However, the maximum
time should not be exceeded because of lncreased film fogging,
resulting in reduced sensltivity.

Radiographic sensitivity is also deperident upon film image
definition or sharpness. Geometric controlling factors are
effective focal spot size (X-ray) or isotope source size (gamma
ray), source to film distance, and weld thickness.

For a constént source to film distance, the definition improves
as the focal spot or source size decreases. Since these sigzes
are fixed once the equipment is purchased, consideration should
be given to obtaining minimum effective focal spot and source
sizes to:.sult particular situations.

Weld or specimen thickness also affects definition. As the weld
thickness increases, definition decreases.

It can be seen that for a given X-ray machine or isotope and
weld, the focal spot or source size and weld thickness are fixed
geometric factors, thus fixing the definltion when only these
factors are considered. However, another geometric factor,
source to film distance, can be varied to obtain the deslred
results. As the source to film distance is increased the
definition increases. However, this 1s at the expense of
increased exposuré time whlch increases with the square of the

12
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distance. A minimum Source to fillm distance is usually

specified not only for definition control but also to control the
amount of image enlargement. It can be determined geometriecally
that as the source to film distance decreases or the weld thickness
increases, the projected image sige increases. The Translab
Specifies minimum source to film distance as the distance equal

to the width of the f1lm or the distance seven times the weld
thickness, whichever ig greater,

X or gamma radiastion emanates from the radiographic equipment

to the weld to be inspected. A Filnm cassette loaded with thin
lead sereens on each side of a double emulsion film ig placed on
the side of the weld opposite the radiation source. The leag
Screens when exposed to radiation energies above about 140
kilovolts emit electrons which intensify the Treaction on the filn
dmulsion, thus reducing the eXposure time. Fluorescent Screens
have greater intensification than lead, but are not recommended
because of their inherent characteristic of reducing the sharpness
of the radiograph. The Screens in both cases must also be in
intimate contact with the film, otherwise Sharpness is lost.

Penetrameters are the accepted method to determine the quality of
a radiograph. They are called "Image Quality Indicatorg" (IQI)
and are indicative of the quality of the radiographic technique_
used. They are thin rectangular stripes with three specified
hole sizes, made of the same or similar material as the weld to
be inspected. The minimum penetrameter thickness and sige of |
its holes are the determining factors for the level of the
inspection. Most weld inspection Speclifies a 2-2T level of
inspection. This 1is interpreted to mean & radiograph should
clearly show the outline of & penetrameter with s thickness of
2% of the weld thickness and the hole having a diameter two
times the thickness of the benetrameter, It should be mentioned

13
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that IQI should not be confused wiﬁh radiographic sensitivity, i.e.,
it does not indicate in absolube terms the debectable flaw size.
‘Being able‘to see a 2=2T penetrameter on a radidgraph does not
mean a Flaw of a size 2%of the weld thickness and a diameter 4%
of the thickness is necessarilly detectable. The penetrameter and
its holes have square edges. Thus an abrupt film density change
occurs at the penetrameter and hole outline. A flaw of this

size will most likely have more subtle edge denslty changes. The
net result is, the penetrameter and its holes can be seen while
an equal size flaw may not be visible under the viewer because

of the lack of delineation. Even large defects can escape
detection if the density change is gradual over a large area(l).
However, the more visible the penetrameter Image, the higher the
guality of the radiograph and the higher its radiographic
sensitivity.

Penetraméters should be located on the radiation side and
adjacent to the weld. They should not be located on the film
side. Penetrameters located on the film side have very sharp
images with high contrast. Verification of whether film side
penetrameters were used can be determined by measuring the
penetrameter image enlargement., A film slde penetrameter will
indicate no enlargement.

The interpretation of a radiograph requires the abillty to read
subtle indicaﬁions which appear on occasion and are sometimes
major in severity. These subtle indilcations may be the result

of poor radiographic practice, poor flaw orlentation with respect
to the penetrating rays, poor £law boundary dellneation, ete. An
unground weld by virtue of its roughness and contour will result
in a radiograph with many {ndications and varying densities which
will easily mask any subtle flaw indication, which is information
that should have appeared on the radiograph. To alleviate such

14
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situations the weld should be ground smooth and flush to the
surface prior to making the radiograph. This will facilitate
the interpretation.

Ultrasonic Inspection

Ultrasonic inspeection is used for the detection of internal and
surface discontinuities in weldments. PFlaws most readily detectable
by this method are cracks and lack of fusion. Other flaws detectable
but with a lower confidence level and requiring more time for
detection are porosity, slag, and lack of penetration which are

the flaws more readily detectable with radiographic inspec@ion.
Because of this the Translab uses ultrasonic inspection as a
complementary tool to radiography with radiographic inspection
preceding ultrasonic inspection. When flaws are detected by
radiography'they are repaired and re-radiographed before

ultrasonic inspection is performed. All this 1s done to

facilitate the ultrasonic inspection which takes considerable

time if porosity and slag inclusions exist in the weldment.

Even with a weld free of porosity and slag, the inspection

-can be time consuming. :

To perform an adequate ultrasonic inspection takes a minimum of
15 minutes scanning time per foot of weld length. Any less tlme
decreases the confidence level of the inspection. This rate '_
is the ultrasonic scanning time of a weld free of any indications
which will cause the operator to deviate from the normal scan

to investigate the indication. This does not take into
consideration the time to clean the secan area before and after
the inspection, calibrate, record the data, move equipment from
one locatlon to another, ete. When numerous indications and
defects occur, it may take more than one hour to complete a foot
(30.48 cm) of weld. Thus it can be seen that even though the
procedural process attempts to minimize the indications other
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than crack and lack of fusion indications, the inspection is
still time consuming depending upon the quallty of the welds
inspected. Taking into consideration the other tasks involved,
it is not unrealistic to say the production rate 1s about

3/4 to 1-1/2 hours per foot (30.48 cm) of weld with a two man
‘Gea.m-." : .

Two man teams are necessary to alleviate the tedlous work involved
by aiternating opérators oceasionally. Additlonally, the extra
man acts as a monltor of the operator's work, records all data
since it is the nature of the work that recording by the operator
is inconventient because hls hands are usually covered with glycerin
or some other liguid substance, refers to charts to provide
information to the operator when called on, and assists in the
clean-up and moviﬁg'of equipment. Thils assistance is necessary

to the operator so his attention is not diverted from monitoring
the CRT screen while manipulating the transducer during the
performance of the weld scan.

Ultrasonic inspection 1s performed with electronic equipment with

a cathode ray tube and assoclated controls in conjunction with
trapsducers, callbration blocks and a liquild couplant. Transducers
contain piezoelectric crystals of ceramic material which generate
"sound energy when impressed with an applied voltage or conversely
will generate a voltage when activated by sound energy. Transducers
with frequencies of 2.25 and 5 megahertz are normally used 1in

weld inspection of bridge steels. The cathode ray tube (CRT) displays
reflected signals from possible defects which are then interpreted

by the operator. |

The pulse-édho method of ultrasoniec inspectlion is used for weld
inspection. With thils method the operator scans the weld with a

transducer which transmits beamed ultrasonic energy bursts into
the steel. Between bursts the transducer acts as a recelver for
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With the calibrateqg Signal, determine its location and length, and
evaluate itg Severity in terms op decibels, The lower the decibe]
rating algebraically, the more Severe the indication. Reference
to Specifieq charts based orn weld thickness, defect rating, ang

basic weld inspection by directing ultrasoung into the base

metal zng weld at angles to the Surface, This angle is the acute
angle measured frop the normal to the Surface to the soung beam
path. Standard angles are 450 60°, ang 70°, Figures ¢ and 7
Show Straight beam ang angle methods,

tension and Compression flanges, Prior to inspection the welgg

17
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The grinding of the weld smooth put not fiush to the surface will
not suffice in ultrasonic inspecbtion if a high confidence rating
is to be maintained. The smooth curvature of a weld cTrowWn can
result in spurious'indications which may be interpreted as
defects. Also the search unit has GO he manipulated over the
weld 1tself to complete a longitudinal scan (the scan that detects
defects longitudinal to the weld), and make & transverse scalle

The weld should therefore be ground not only smooth bub also

flush with the surface.

The cathode ray ftube screen is an ¥X-Y display, displaying blips
which represent rhe sound reflected from an indication. The X-
axls represents the time for sound O be transmitted and reflected
pack. Since the veloclity in steel 18 constant, the X-axls can be
calibrated to represent the distance of the sound path from the
seaprch unit to the indication. Knowing the angle the sound beam
enters the steel surface, the distance and depth of the indication
can be calculated or peferred to on a chart.

© The Y-axis represents the intensity of the sound reflected back.
The height O amplitude of the blip is controlled by discrete
decibel gwitches. The blip or signal can then be prought back
to a reference screen amplitude with these gwitches and the
decipbel value 18 noted for comparison with the calibrated ref-
erence signal. This is the defect or indication level.

Prior to ultrasonic angle beam inspection of the weld, the

ins trument should be calibrated to establish a reference signal.
This reference signal is the signal from 2 1/16 inch (1.59 mm)
diameter hole in the IIW (International Tnstitube of Wwelding)
block and 18 defined as & zero 4b reflectol when scanned with a
70° transducer, only. Because of the bulkiness of this block it

ig seldom used for on-site calibratlon purposes and other blocks
such as the "Type/S;C.“'block are substituted with appropriate
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correction factors used(5) (see Figures 8 and 9). Thus by
calibrating the machine to the sensitivity of this drilled hole,
all other indications can be compared to this reference signal
as long as the same transducer used for calibration is used for
detecting the indications. |

Ultrasound travels through steel at a constant veloecity but.with
decreasing intensity as the sound path increases. This attenuation
is approximately 2 db per unit of sound travel from the search unit
to the reflector and back with a 2 1/4 MHz angle beam transducer.

* When evaluating the reflector,.this attenuation must also be
accounted for. However,-when'using a “Type S.C." block for
calibration, the sound path from the search unit to the hole
for 45, 60, and 70° transducers is 1 inch (2.54 cm). When
determining the attenuation, the 1 inch (2.54 cm) 1s subtracted
from the sound path distance before applying the attenuation
factor. -

When using ultrasonic instruments with attenuator switches or
knobs, the indication amplitude decreases as db's are switched
in. The indication rating is then determined from the following

formula:
B minus A minus c equals D
/ / : /
Corrected Defect Attenuation Defect
Calibrated Level Pactor Rating
Sensitivity (db's in) (db's in) (dbts)
(Reference '
Level)
(db's in)

When using ultrasonic Instruments with calilbrated galn control
switches or knobs, the screen amplitude increases as db's are
switched in. The indication rating is then determined from the
following formula:

A minus B minus c equals D
/ / :
Defect Corrected Attenuation Defect
Level Calibrated Factor Rating
(db's in) Sensitivity. (db's in) (db's)
(Reference
Level)
{(db's in)
19
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See Fiéuré ldffér'ekéﬁples of the two types of instruments.

Ultrasonilc eﬁergy'is extremely attenuative in air. With the
search unilt interfaced with the steel surface a thin air gap
exlsts at this interface, preventing any useful sound energy from
entering the steel. This 1s solved by coatling the steel surface
with liquid,‘usually glycerin. Thils displaces the air gap with
the liqﬁid and thus couples the ultrasonlec energy from the search
unit_té the steel. |

Liguid glycérin exhibité excellent ultrasonlc coupling properties.

It is low in attenuation, acts as a good lubrilcant between the

‘search unit and steel to facilitate movement of the search unis

over the Scanning surface, has a very slow evaporation rate
resulting in constant attenuation properties, and can be cleaned

“from the'surface with clean water. Its primary disadvantage is,

if it 1s not thoroughly cleaned off, a slippery residue is left
6n the steel structure which creates a potential safety hazard.
It 1s also hygroscopilc and should be thoroughly cleaned off the
calibration blocks *to breveht corroglon from the accumulated
moisture. |

;TWO major'factofs governing ultrasonic sensitivity are the ability
to transmit the sound to the flaw (reflector) and back to the

search unit, and the ability to deteot the flaw. Both factors

are dependent on the wévelength which is inversely proportional

to the frequency with constant sound veloclity propagation. As

the wavelength decréases, the attenuation through the steel
increases, thus limiting the sound path travel and its sensitivity
in terms of detecting small or tight flaws increases. Thus these
two factors are incoordinate with each other in terms of ultra-
sonle sensitivity. |

The selection of the transducer frequency or wavelength must
therefore be balanced between these two factors.
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Another consideration in transducer selectlon 1s sound beam
divergence or beam spread. Since calibration is rerformed on
calibration blocks iIn close proximity to its artificial'flaw,
very little energy is lost as a result of beam spread. As the
sound path to an actual flaw increases, much of the sound energy
is lost when 1t reaches a flaw becaiuse of beam spread. Thus
sensitlvity is also affected by beam spread. Two barameters
control beam spread - wavelength and transducer size. The
larger the wavelength and/or the smaller the transducer size,
the larger the beam spread. Thus to limit beam spread, transducer
frequency and/or size must be increased. Standard angle beam
transducers specified have frequencies of 2 1/4 HMZ with an
effective crystal size of 1/2 inch x 1 inch (1.27 em x 2.54 em) .
It should be mentioned that sound path travel distance should

be limited to 'a maximum distance of 10 inches (25.40 cm) because
of beam spread. '

Magnetic Particle Inspection

Prod type dry powder magnetic particle Inspection is used for the
detection of surface and some subsurface defects in ferromagnetic
materials only. Surfaces to be inspected should be dry and clean
for suiltable electrical contact with the prods and the free flow
of the dry powder. Where thin paint exists, 1t is necessary to
remove the paint only in the'locations where the prods come in
contact with the surface of the steel. Where surfaces are
excessively rough, such as fillet welds, interpretation 1s difficult
and some grinding of the weld should be done. The operator should
be experienced and knowledgeable in this type inspectlon, especially
in the interpretation of indication aspect since subtle indications
sometime appear which require a certain amount of expertise to make
. a valid judgment.
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“Portable magnetic particle equipment is available for field use.

They generally welgh over 50 pounds, most of which is transformer
weight with large size leads for the prods because of the high
current used. They generally can be connected to a 120 or 240
volt AC source. When connecting to 120 volts, the source circult

breaker should be checked for sufficlent size (See Figure 11).

Magnetilc particle inspection is performed by passing high current
from the prods into the surface to be inspected. The current
passing into the ferromagnetic materlal from one prod to the
other induces a circular.magnetic field around the prods with flux
lines at right angles to the direction of the flow of current.
These flux lines tend to concentrate at and near the surface the
prods are located on., Where these flux lines are interrupted by
a surface discontinuity such as a crack at an oblique angle of
approximately 40° or less, a concentration of flux occurs or an
increased magnetic field is established across the discontinuity.
Maximum sensitivity occurs when the discontinuity is 90° to the
flux lines. Dry iron oxide powder sprayed onto the surface
between the prods will concentrate at the area of high magnetic
flux density at a crack, thus providing a visual indication of a
Surface discontinuity.

Alternating (AC) and half wave rectified direct current (HWDC)
are normally used to induce the magnetic field. Because of the
"skin effect" associabted with alternating current, it tends to
flow at the surface more so than HWDC. This has the effect of
concentrating the 1lnduced magnetic fleld at the surface with the
result that it is more sensitive than HWDC for debtecting surface
flaws but has no subsurface detection capabilities. For sub-
surface flaw detection, HWDC has to be used with some sacrifice
in surface flaw detectlon sensitivity.
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Magnetic partiecle inspection is used in weld inspection for the
detection of surface and subsurface cracking such as under bead
éreacking in fillet welds. For this reason half wave rectified
direct current is generally used with currents of 100 to 125 amps
ber inch (2.54 cm) of prod space. Weld Preparation is usually
necessary by grinding because of the Inherent surface Ioughness
leading to irrelevant magnetic particle indications,

Liguid Penetrant Inspection

Liquid penetrant inspection 1s one of the more simpler methods of
nondestructive inspection techniques requiring minimal skill from
the operator. Its use is solely for the'detection of defects which
are open to the surface such as surface cracks. Surfaces to be
inspected should be as smooth as possible to facilitate cleaning;
however, caution should be exercised in attempting to mechanically
smooth rough surfaces because of the Possibllity of closing over

& surface opening or filling it with material which could mask a
potential defect. Some dilsadvantages of this surface flaw detection
method are that it is difficult to interpret depth of flaw, is
subject to misinterpretation on porous materials, and will detect
surface defects only. Advantages are that 1t will detect surface
defects:in magnetic or nonmagnetic material, has low initial cost,
has the ieéstioperator dependence when compared with the other
nondestructive inspectlon tools (when Properly performed it will
produce the least amount of false indicationg) and is easlly

taught and learned. Tts sensitivity to the detection of surface
cracks 1s generally 8lightly less than magnetiec particle and
ultrasoniec inspection. Its production rate isg slower than

magnetic particle inspection but faster than ultrasonic.

The tools for liquid penetrant inspection are by far the lowest
in initial costs than any of the other nondestructive methods
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discussed. They consist of three aerosol spray cans conbtalning
cleaner, dye penetrant and developer. These components are also
available in bulk form., After the surface of the metal is cleaned,
it is sprayed with the dye penetrant, The dye is also to dwell on
the surface for a perlod of time, seeping into openings and

drawn into tight cracks by capillary action. After the proper
dwell time, the surface is wiped clean with a rag moistened with
the cleaner. Developer, which is a white powder in liquid
solubion, is then sprayed on and allowed to dry. As the drying
action progresses, the powder acts as a blotter soaking up any
penetrant fluid left in any surface openings or cracks. Since

the powder or developer has a contrasting color with the dye
penetrant, a visual indication will appear which is then
interpreted by the operator as acceptable or rejectable (See
Figure 12).

It can be seen that if the surface is not sufficiently cleaned

of dye penetrant, spurious lndications will result since the
developer will absorb the excess penetrant. Areas which are
difficult to clean such as rough surfaces or unground welds

may require a ligquid penetrant kit with a post emulsifying agent.
The emulsifying agent reacts with the penetrant to make it water
soluble. The penetrant material can then be rinsed off after the
proper emulsifying dwell time. This time is important gsince the
primary purpose in applyilng the emulsifier is to allow it to react
with the surface penetrant only. Excessive dwell time of the
‘emulsifying agent will result in the penetrant 1in the defect openings
becoming water soluble and subject to being rinsed off, thus
negating indications of flaws.

There are other methods of liquid penetrant inspection which
require more expensive equipment. Generally they are confined to

the shop for the inspection of parts much smaller than the
components that make up a steel bridge.
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Acoustlec Emission

Compared with other nondestruective Techniques, acoustic emission
is in its infancy even thbugh work in this method was begun by
Joseph Kaiser in Germany in the early 1960's(6), when he used
electronic instrumentation to detect audible sounds produced by
metals during deformation. Recent years have seen this non-
destructive inspection tool evolve from the laboratory into
bractical application with its use in inspecting asrospace
components, commercial pressure vessels, high speed turbine
equipment, etec, However, 1its application for steel bridge
structures is still in the development stage but Some promise
of its emerging in the near future 1s indicated.

Acoustic emission's potential as g bridge monitoring tool will
brobably be directed as s first step toward being used as a
survey tool of existing structures in-situ rather than new bridge
construction. This however is not to suggest precluding its

use in future new bridge construction,

Acoustic emission is primarily an active crack seeking device.
Passive cracks or flaws are not detectable by this method. Its
potential ability to seek out active cracking of at least one
millionth of an inch (one millionth of 2.54 cm) and locate them

at significant distances should lend itself well to use on exlsting
structures. It does not however characterize g crack. Other
nondestructive inspection methods will be required to perform

this task.

Acoustic emlssion uses very sophlsticated electronics when com-
pared with other nondestructive inspection equipment in conjunction
with piezoelectric transducers_or_sensors. The transducers serve
as listening devices for the detection of acoustic energy pro-
pagating from the active'fracture Yo the sensor by means of the
steel media which is translated into electrical energy. This
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gignal is received at a main terminal and amplified for monitor-
ing, locating its origin, filtering the non-relevant noise,
providing a display for immediate interpretation, and recording
data for later lnterpretation. Thus many sensors can be installed
on a structure, all belng fed back to a main terminal, processed
and interprefed immediately or at a later date. The bridge
inspection concep?t could have the main terminal which comprises
the electronic equipment in a compact and portable form, housed
in a secure place at the structure, and able to be relocated from
one structure to another by means of a pickup truck or van.
Permanently secured sensors, selectively located on a structure
and wired back to 1ts main terminal could then be connected to
the terminal- equipment periodically to collect data for inter-
pretation at a later date.

Acoustic Crack Detector (ACD) and Magnetic Crack Definer (MCD)

The Acoustilic Crack Detector (ACD) and the Magnetic Crack Definer
(MCD) instruments were designed as bridge inspectlon survey
instruments with a minimum of controls and lightwelght portability
for use by unskilled personnel with minimum training. Both units
are bullt to facilitate wearlng as backpacks with a hand held
probe for scéanning and monitoring. Rechargeable self-contained
battery packs are also included but no provigion is made for
connection to an external power Source. Figure 13 shows these

two instruments in use.

The ACD unit is basically an ultrasonic device without the

cathode ray tube screen and 1ts assoclated controls, but with a
digital readout on the hand held probe for plate thickness read-
ings or distance to flaw readouts depending on the selected mode
switeh position. Incorporated in the electronics is a time
variable gain control which compensates for the attenuation as the
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path distance increases, Transducer frequency is approximately
2 MHz with a sound exit angle of 70 degrees. Two transducers
are located in the probe, one for the laminated or L-mode, the
other for the survey or S-mode, When switched to the lamination
mode only the lamination mode transducer igs operating. When
sSwitched to the survey mode both transducers are operating with
the survey mode transducer monitored by the digital display and
the lamination mode transducer triggering a green light on the
probe as proof that sound 1s being transmitted through the

steel and reflecting back from the back surface. The lamination
mode can be used for the detection of blate laminations since
its sound is directed normal to the surface while the survey mode
is the primary mode for ¢rack detection. Two detent control knobs
to adjust for the varying surface conditlons anﬁ steel attenuation
when calibrating are incorporated and are contained in a key
locked door. Thus the operator does not have access to the
controls once the door is closed and locked, The surface
conditlon control ig graduated from 1 to 12 and is primarily a
gain control which increases the Sensitivity approximately 4 db
beyond the digital readout threshhold during calibrations,

The maximum distance control which is indicative of the maximum
range of the survey is graduated from 1 to 12 feet (.30 o 36
meters). This control adjusts the slope of the time variable
gain control to account for the attenuation broperties of the
Steel. The calibration reference is from a corner of the bridge
steel plate or flange to be inspected and is used to establish
the threshhold sensitivity. When the control access door is
closed it depresses s button whereby the recelver gain is
increased by 10 ab's, Thus the ACD, when callbrated, has a
detection sensitivity orf approximately 14 db's less severe than
the corner reflector calibrated on,

The MCD unit detects surface cracks using two pairs of differential
sensor coils and an electromagnet mounted on a probe. The sensors
are located to detect cracks oriented 90° from each other. When
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a crack 1s detected by 2 sensor, it will illuminate an associated
1ight displaying the orientation of the erack.

Esch sensor system is a modified system of eddy current and
magnetic particle yoke systems. The electromagnetic coil provildes
the magnetization for leakage flux measurements and also induces
electric currents sultable for current perturbatilon measurements(7) .
For one pair of differential sensor colls, the magnetic lines of
flux passing through a erack will leak into the air and be picked
up by the sensbrs. The other sensors pick up disturbances in the
magnetic field associated with the induced current caused by the
presence of a crack. o :

The MCD reguires no calibration. The unib is switched on and
ready for scanning with its probe,

The batteries on the MCD unit were rated at one hour. However,
pecause of obtainable patbery 1life, the units were for all
intents and purposes inoperative after 10 minutes of operation.
Therefore, it was not feasible to evaluate this u?it.

Caltrans Transportation Laboratory participated in a nine state
evaluation of the ACD unit, resulting in the publication of an
evaluation report. Listed below are the major findings in the
final report of this study(8).

1. The time, manpower, and cost of making n"indepth" bridge
inspections are becoming critical to the point of restricting all
but the most conclusive and reliable methods.

2 The magnitude of inspection area encompassing the numerous

steel structures in most States necessitates an expedient and
proficient crack detection technique.
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3. The accessibility of the inspection area is made diffiecult
by geometries, terrain, and heavy traffic volumes.

4, The discovery of very few structural steel cracks reflects
the trend of many States towards a low prilority of routine
instrument inspections. Rather, a fatigue analysis of those
bridges receiving the highest volume of ftruck traffic will bring
To focus the structures which require more than visual inspection.

5. Calibrating the ACD %o many of the older structures where
there is paint build-up, pitting, and surface roughness is very
difficult, often delaying inspection time and necegsiltating
recalibration for different members of the same structure,

6. Some geometric conflgurations and welded detalls induce
false readings requiring considerable interpretation of the ACD
probe digital readout. Operators can then lose confidence in
the instrument and may hold it unreliable.

7. The ACD instrument is operator sensitive and can cause
operator fatigue,

8. If indepth inspections are called Ffor on certain critical
structures, more confidence and reliabllity could be placed in
a well-trained, ultrasonic technician using conventional
ultrasonic equipment.

9. The disadvantages with conventional ultrasonics have not
been corrected with the ACD, that is (a) extensive operator
tralning in structural mechanics, equipment operatlon, and data
Interpretation is required and (b) 1little or no production rate
of inspected members or bridges 1s feasible, One additional
disadvantage is the rather involved and time consuming surface
preparation and distance calibration of the ACD,
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Although there was some disagreement among the committee members
on the final conclusions and recommendations, the committee was
able to formalize four major points of considration that best
expressed their viewpolnts on the ACD/MCD:

1. All nine States in the evaluation program agreed the ACD
device could not be used for routine bridge inspectlons.

5.  8ix of the nine States felt the ACD in its present form
could not be used in any part of the brildge inspection program.

3. The remaining three States said that the ACD was not a
production piece of equipment but had some application for spot
checking details.

i, Finally, the ACD/.CD Evaluation Committee recommended further
development of the Acoustic Crack Detector and/or other non-—
destructive testing equipment.
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No. 426 commonly used nondestructive testing specifications and standards

P

— . /
MDT Method issued By Number Where to Obtain

MIL-§TD-271D

Military Standard
Nondestructive Testing
Requirements for Metals

Supt. of Documents
Wwashington, D.C. 20402

All BuShips

MIL-1-6870A

\ Al uU.S. Govt._"

Any government military
agency

Military Spec.
inspection Requirements
Nondestructive: For
Aircraft Material and Parts

Any government military
agency

S.AE.
485 Lexington Avenue
New York, N.Y. 10017

ASTM, 1916 Race Street |

Philadelphia, Pa. 19103 '
Inspection Process Any government military \

Magnetic Particle agency

Penetrants U. 5. Govt. MIL--19684 Inspection Penetranis

Ejuorescent Penetrant
Inspection

AMS 2645

£ 165-65 (1971) Liquid Penetrant

Pe nétr_ants
Inspection

Magnetic MIL-1-686BA

Particie

Magnatic £ 100-96 (1971} | DYY Powder Magnetic ASTM, 1916 Race Street

Partic:e particle Inspection Philadelphia, Pa. 19103

Magnetic ASTM E 138-63 (1971) Wet Magnetic 1| ASTM, 1916 Race Street

Particle Particle Ingpection Philadelphia, Pa. 19103

Radiographic U. S. Govt. NavShips 250 standards for Any govern ment military
-1500 Weiding of Reactof Coolant |agency

and Associated Systems
and Componants

e ————

Radiographic AST'M E 94-68 Recommended Practice ASTM, 1916 Race Street
for Radiographic Testing Philadelphia, Pa. 19103
Radiographic AWS Rules for Welding Piping AWS, 2501 N.W. 7th Street
in Marine Construction Miami, Florida 33125
Radiographic ASTM E-142-72 Controlling Quality ASTM, 1916 Race Street
of Radiographic Testing Philadelphia, Pa. 19103
-

P
ASTM E 164-65 Ultrasonic Contact ASTM, 1916 Race Street
inspection of wealdments Philadelphia, Pa. 19103

Fabricating and Checking ASTM, 1916 Race Street
Aluminum Alloy Ultrasonic
Standard Reference Blocks

Ultrasonic

Uitrasenic
Philadelphia. Pa. 19103

. Ultrasonic ASTM A 60970 Longitudinal Beam Ultrasonic ASTM, 1916 Race Street -
i _ inspection of Carbon and Philadelphia, Pa. 19103
\ i Low Alloy Steel Castings
[ B W ——
Yitrasonic ASTM A 577-70a Ultrasonic Angle-Beam ASTM, 1916 Race Streat
' gxamination of Stael Plates Philadeliphia, Pa. 19103
X —
Visual MSS SpP-55 Quaiity Standard for Steel Manufacturers Gtandardization
1 Casting (Visual Method) Soriety cfthe valve and

Eittings Industry
1815 N. Fort Meyer Drive
Arington, Virginia 22209

Figure 2. LiST OF COMMONLY USED N.D.T. TESTING
SPECIFICATIONS AND STANDARDS
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~€—— X-Ray or Gamma Ray
’ Source of Radiation

Film

- Figure 5. RADIOGRAPHIC EXPOSURE ARRANGEMENT
36
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Figure ¢, STRAIGHT BEAM SCANNING TECHNIQUE

E - THE ENTRY POINT OF THE SOUND BEAM,
? - THE EXACT ANGLE oF THE BEAM,
E T - THE THICKNESS oF THE PLATE.

JT r"’¢ "‘\\\\ - +
l\ .

SKIP DISTANCE “‘*———-\—!

Figure 7 ANGLE BEAM SCAN oF UNGROUND BUTT weLp
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D _SENS\TIV\TY CALIBRATION BLOCK

‘Figure 9. DISTANCE CALIBRATION AN
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Figure 10. EXAMPLES OF THE DIFFERENT TYPE ULTRASONIC INSTRUMENTS.
TOP INSTRUMENT FEATURES CALIBRATED GAIN CONTROL.
LOWER INSTRUMENT FEATURES CALIBRATED ATTENUATION CONTROL
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MAGNETIC PARTICLE LAB. EQUIPMENT

Figure 11. MAGNETIC PARTICLE EQUIPMENT USED FOR

SURFACE AND SUBSURFACE DETECTION
4o
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a. Dye Application

b. Developer Application

C.Flaw Indications

Figure 12, pyg PENETRANT EXAMINATION
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D. AND M.CD. INSPECTION

Figure 13. A.C.
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